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of receptor tyrosine kinases and their ephrin ligands
have been implicated in the mapping of RGC axons in
their principal targets in the brain. Within the olfactory
system, both odor detection and mapping of the olfac-
tory epithelium onto the OB appear to be controlled, in
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part, by a large family of G protein±coupled ORs.
The development of ordered axonal projections in the
retinotectal and olfactory systems has clear distinctions,
Introduction which relate in part to differences in their functional
Defining the molecules and mechanisms that control requirements. In the retinotectal system, the main objec-
the establishment of an orderly representation of the tive is to represent the visual world in the brain, that is,
peripheral sense organs within the brain has long been to reconstruct a topographic representation of the world
of interest to systems and developmental neurobiolo- that projects onto the retina and is remapped in the
gists. Classically, the projection from the retina to the tectum. To carry out this function requires the mainte-
brain has served as the model system for understanding nance of a precise spatial ordering of axonal connec-
how precise neural connections are formed. More re- tions within the tectum that reflects their origins in the
cently, the molecular cloning of olfactory receptors retina. In contrast, in the olfactory system, since odors
(ORs) has provided valuable insights into the functional have no relevant spatial component, there is no overrid-
and anatomical organization of the olfactory system, ing need to maintain spatial continuity, either between
including the projection of olfactory neurons (ONs) from cells expressing a given OR, and presumably respond-
the olfactory epithelium to the olfactory bulb (OB). The ing to the same odors, or between glomeruli in the OB.
mechanisms involved in establishing this projection, as This functional difference relates to differences in the
well as its organization, are atypical and make for reveal- mapping strategies employed in the two systems.
ing comparisons when juxtaposed to the development This article will review current knowledge of the mech-
of order in the visual system. anisms and molecules proposed to control mapping in
Both the visual and olfactory systems represent sen- the visual and olfactory systems and attempt a synthesis
sory information within the brain through the use of to highlight differences and similarities in their organiza-
sensory maps. The projection of sensory axons to the tions and the molecular mechanisms that may control
brain forms these maps through the spatial segregation their development. We have focused almost exclusively
and orderly termination of their axonal connections in on the projection of RGCs to the chick optic tectum, or
specific target tissues. However, the visual map is fun- its equivalent in rodents, the superior colliculus (SC), as
damentally different from the olfactory map in that it is well as the main olfactory system of mice. We have not
strictly topographic: a two-dimensional sheet of retinal discussed the large bodies of excellent work on the
ganglion cells (RGCs) in the retina is rerepresented in retinotectal system of fish and amphibians, the main
the brain as more or less the same two-dimensional olfactory system of lower vertebrates or C. elegans, nor
sheet through the orderly terminations of RGC axons. do we consider the projection from the vomeronasal
In contrast, the olfactory map is formed by the conver- organ to the accessory olfactory bulb (for reviews of
gence of the axonal projections of a specific set of func- these topics see Roskies et al., 1995; Bargmann, 1997;
tionally similar ONs that are randomly distributed in the Karlstrom et al., 1997; Ebrahimi and Chess, 1998).
olfactory epithelium onto specific glomeruli, and in doing
so segregates their projections from those of other spe-
Ephrins in RGC Axon Guidancecific sets of ONs.
and Topographic MappingThe chemoaffinity hypothesis presented by Sperry de-
RGC axons reach the contralateral optic tectum (or SC)cades ago has been a driving force in the field (Sperry,
by exiting the eye and pathfinding through the optic1963). He proposed that the specificity of axonal con-
nerve, chiasm, and tract to the midbrain. The representa-nections within a neural map is determined by molecular
tion of the retina onto the tectum is usually consideredtags on projecting axons and their target cells. Further,
as mapping along two sets of orthogonally orientedhe suggested that these molecular tags might establish
axes: the temporal±nasal axis of the retina along thetopography through their distribution in complementary
anterior±posterior (A±P) axis of the tectum (Figure 1A)gradients that mark corresponding points in both sen-
and the ventral±dorsal axis of the retina along the dorsal±sory and target structures. Although map formation in
ventral (D±V) axis of the tectum (Figure 1B). Classically,both the visual and olfactory systems has been studied
the criteria for a topographic guidance molecule are thatfor many years, molecules demonstrated to be involved
RGC axons exhibit a differential response to it and thatin this process have only recently been discovered.
it is expressed in a graded or restricted manner in theBased initially on their expression patterns and subse-
tectum. To date, molecules that meet both these criteriaquently on functional studies, members of the Eph family
are limited to topographic mapping of the temporal±
nasal retinal axis along the A±P tectal axis.* To whom correspondence should be addressed (e-mail: dennis_
Extensive searches carried out prior to the mid-1990soleary@qm.salk.edu).
² These authors contributed equally to this work. led to the identification of several cell surface molecules,
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growth preference. The preference of temporal axons
for anterior tectal membranes was shown to be due to a
repellent activity preferentially associated with posterior
tectal membranes (Walter et al., 1987a, 1987b). This
posterior tectal activity was subsequently demonstrated
to preferentially cause the collapse of the growth cones
of temporal axons and isolated to a 33 kDa, GPI-
anchored protein referred to as RGM (repulsive guid-
ance molecule) (Cox et al., 1990; Stahl et al., 1990; Walter
et al., 1990). The cloning of RGM has not been reported.
A major breakthrough, though, toward understanding the
molecular mechanisms of topographic mapping came
with a pair of reports in 1995 implicating two closely
related ligands for Eph receptor tyrosine kinases,
ephrin-A2 and ephrin-A5, as guidance molecules for
RGC axons. One study described the graded expression
patterns of ephrin-A2 (originally called Eph ligand
family-1, or ELF-1) and its preferred receptor, EphA3
(Cheng et al., 1995). The other study reported the clon-
ing, graded expression, and in vitro action of ephrin-
A5 (originally called repulsive axon guidance signal, or
RAGS) (Drescher et al., 1995).
Although the first Eph receptor, EphA1, was identified
about a decade ago (Hirai et al., 1987), understandingFigure 1. Distributions of Eph Receptors and Ephrin Ligands in the
the roles of Eph receptors in development has laggedDeveloping Chick Retinotectal System Related to Retinotopic Pro-
jections because they remained orphan receptors until only re-
(A) The mapping of the temporal±nasal (T±N) axis of the retina along cently when their first ligands (ephrin-A1 and ephrin-A2)
the anterior±posterior (A±P) axis of the optic tectum relates to the were cloned (Bartley et al., 1994; Cheng and Flanagan,
expression of EphA receptors and ephrin-A ligands. Both ephrin- 1994). Ephrins and their receptors are now known to
A2 and ephrin-A5 have increasing graded expressions along the
be widely expressed and have important roles in manyA±P tectal axis, although their distributions differ: ephrin-A2 is ex-
developmental phenomena, ranging from axon guidancepressed in an increasing gradient across the entire A±P axis,
and cell migration to vascular development (O'Leary andwhereas ephrin-A5 expression appears to be limited to the posterior
half of the tectum and shows a substantial increase in expression Wilkinson, 1999). Eph receptors comprise the largest
near its posterior pole. Three EphA receptors for these ligands are family of receptor tyrosine kinases, currently numbering
expressed by RGCs: EphA3 is expressed in a high temporal to low 14 members, and are divided into two subfamilies, EphA
nasal gradient, whereas EphA4 and EphA5 are expressed uniformly.
(A1 to A8) and EphB (B1 to B6), based on sequenceBoth ephrin-A2 and ephrin-A5 preferentially repel temporal RGC
similarities. The eight known ephrins are divided intoaxons, consistent with their expression patterns and role in mapping
the ephrin-A (A1±A5) and ephrin-B (B1±B3) subfamiliesalong the A±P tectal axis.
(B) The mapping of the dorsal±ventral (D±V) axis of the retina along on the basis of sequence homology and their membrane
the ventral±dorsal (V±D) axis of the tectum relates to the expression anchoring: ephrin-As are anchored by a glycosyl phos-
of EphB receptors and ephrin-B ligands. Ephrin-B1 has an increas- phatidylinositol (GPI) linkage, and the ephrin-Bs by a
ing graded expression along the V±D tectal axis. Three EphB recep-
transmembrane domain (Eph Nomenclature Committee,tors for these ligands appear to be expressed by RGCs: EphB2
1997). Within each receptor-ligand subfamily, the li-and EphB3 are expressed in a high ventral to low dorsal gradient,
gands bind, albeit with different affinities, and activate,whereas EphB1 is expressed uniformly. Functional data directly
implicating ephrin-B1 and EphB receptors in retinotopic mapping with few exceptions, all of the receptors, but only very
is lacking. However, based on their expression patterns, if involved limited interaction occurs between subfamilies (Orioli
in mapping they would likely mediate an attraction-like effect prefer- and Klein, 1997). Although membrane-anchored ephrins
ential for ventral RGC axons. Synonyms for retinal axes: nasal±tempo-
activate Eph receptors, soluble forms of an ephrin canral, anterior±posterior; dorsal±ventral, superior±inferior. Synonyms
do so only when artificially clustered (Davis et al., 1994).for tectal axes: anterior±posterior, rostral±caudal; dorsal±ventral,
Since both the receptors and ligands are on the cellmedial±lateral. (Modified from Figure 2 in Friedman and O'Leary,
1996b.) surface and ligand binding activates the catalytic kinase
domain on the cytoplasmic portion of the Eph receptor,
these receptors are well positioned to directly initiate asuch as TRAP (McLoon, 1991) and TOPAP (Savitt et al.,
signaling cascade and thereby influence axon guidance1995), with graded or restricted distributions in the retina
and growth. Further possibilities for ephrin-mediatedand/or tectum suggestive of roles in mapping, but func-
axon guidance are provided by evidence that the eph-tional studies have yet to bear out these speculations.
rin-B ligands transduce signals and that EphB receptorsArguably the most influential findings of that era were
and ephrin-B ligands mediate bidirectional signalingthe in vitro functional analyses of Bonhoeffer and col-
(Holland et al., 1996; Bruckner et al., 1997). Recent workleagues. By developing and using the membrane stripe
has linked Eph receptor activation to changes in theassay, they showed that chick temporal RGC axons
growth cone cytoskeleton (Bruckner et al., 1997; Meimagrown parallel to alternating lanes of anterior and poste-
et al., 1997) and the phosphorylation state of cell adhe-rior tectal membranes prefer to grow on anterior mem-
branes, while nasal RGC axons exhibit no consistent sion molecules expressed on axons (Zisch et al., 1997).
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The use of receptor and ligand affinity probes has
revealed countergradients of binding activities for EphA
receptors and their ephrin-A ligands in the developing
chick retina and tectum, respectively (Cheng et al.,
1995). An EphA3 affinity probe, which binds all ephrin-A
ligands, shows a high posterior to low anterior gradient
of binding activity in the tectum. This gradient can be
accounted for by the graded distributions of ephrin-A2
and ephrin-A5. Although both ephrin-A2 and ephrin-A5
show an increasing A±P gradient in the tectum, their
distributions differ markedly at both the transcript and
protein levels. Ephrin-A2 is present in a high posterior
to low anterior gradient across the entire tectum (Cheng
et al., 1995), whereas ephrin-A5 appears limited to the
posterior half of the tectum and is distributed in a steep
gradient with a sharp increase at the posterior tectal
border (Monschau et al., 1997) (Figure 1A). In addition,
these two ligands have different laminar distributions:
ephrin-A2 transcripts are broadly distributed, whereas
ephrin-A5 is predominantly expressed in the neuroepi-
Figure 2. In Vitro and In Vivo Methods for Determining the Effects
thelium by radial cells that span the tectal wall. However, of Ephrin-A Ligands on Topographic Map Formation and RGC Axon
both proteins are present in the stratum opticum, the Guidance
most superficial tectal layer that contains growing RGC (A and B) In vitro assays: RGC axon guidance was tested in vitro
axons (Monschau et al., 1997). using the membrane stripe assay. The stripe assay consists of alter-
In chick, EphA3, A4, and A5, three of the seven EphA nating lanes of membranes, prepared from two different sources,
that are laid down on a matrix. Retinal explants are placed acrossreceptors that bind ephrin-A2 and ephrin-A5, are ex-
the lanes and allowed to grow out onto the membranes. The growthpressed by RGCs and present on their axons (Monschau
characteristics of the two membrane substrates are compared di-et al., 1997). Binding with an ephrin-A2 affinity probe
rectly by examining the extension of retinal axons on the lanes of
reveals a decreasing temporal to nasal gradient of bind- one membrane type versus the other. (A) Membranes prepared from
ing activity, suggesting an equivalent gradient of func- anterior (A) and posterior (P) thirds of normal tectum. (A9) To test
tional response (Cheng et al., 1995). This functional the effects of ephrin-A ligands on retinal axon growth, membranes
binding reflects the sum contributions of EphA3, the were prepared from mock-transfected and ephrin-A-transfected
cells. (A99) Membranes were also prepared from normal anteriorpreferred receptor for ephrin-A2 and ephrin-A5, which
tectum as well as anterior tectum in which ephrin-A2 was ectopicallyis expressed in a high temporal to low nasal gradient
expressed. (B) Temporal retinal axons avoid the membranes pre-by RGCs, and EphA4 and EphA5, which seem to be
pared from normal posterior tecta, cells transfected with ephrin-A2
uniformly expressed (Cheng et al., 1995; Monschau et or ephrin-A5, and the ephrin-A2 infected tecta and choose to extend
al., 1997; Connor et al., 1998) (Figure 1A). Therefore, instead on membranes from normal anterior tecta, mock-trans-
parts of the retina with low levels of EphA3 (and ephrin- fected cells, and uninfected tecta, respectively. In each case, nasal
retinal axons grow equally well on either type of membrane.A2 binding activity) map to parts of the tectum with high
(C±E) In vivo assay: The effects of ephrin-A ligands on topographiclevels of ephrin-A2 and ephrin-A5 (and EphA3 binding
map formation were tested by ectopically expressing ephrin-A2 inactivity) and vice versa. Based on these patterns of
the tectum using a retrovirus. (C) A retrovirus containing ephrin-A2expression and binding activity, the most straightfor-
cDNA was injected into the mesencephalon of chick embryos at
ward interpretation of the role of ephrin-A2 and ephrin- E1.5, several days before RGC axons reach the tectum. (D) At a
A5 in mapping is that they act as repellents that preferen- stage when remodeling of the retinotectal topographic map is near
tially affect temporal RGC axons. However, depending completion, around E14, RGC axons were anterogradely labeled
with injections of DiI into either peripheral temporal or peripheralupon the contributions and influences of the three EphA
nasal retina. Peripheral nasal RGC axons are shown exiting thereceptors expressed by RGCs, one could propose other
retina through the optic nerve, entering the tectum at its anteriorpotential actions of ephrin-A2 and ephrin-A5. For exam-
edge, and extending across the tectum to its posterior pole. (E)ple, the ephrin-A ligands could preferentially promote
Retroviral infection results in ectopic expression of ephrin-A2 in
or attract the growth of nasal axons if EphA4 and A5 patches throughout the tectum. Nasal axons are unaffected by these
activation initiates a positive signal and EphA3 attenu- patches and extend to the posterior pole as in uninfected tectum.
ates the action of EphA4 and A5. Or, if signaling through However, temporal axons avoid patches of ectopic ephrin-A2 ex-
pression.EphA4 and A5 dominates axon response, the ephrin-As
could act as either a positive or negative influence on
the growth of both temporal and nasal axons. Another
temporal axons (Figure 2). In vitro tests of ephrin-A2potential factor that could modulate receptor action,
function using the membrane stripe and growth coneand therefore axon response, is changes in the state of
collapse assays show that it strongly repels and col-phosphorylation of the receptor or downstream signal-
lapses temporal RGC axons but seemingly has no effecting components, induced by overlapping domains of
on nasal axons (Nakamoto et al., 1996; Monschau et al.,ephrin ligands and Eph receptors in the retina (Connor
1997) (Figure 3A). Initial studies using the same assayset al., 1998).
reported that temporal and nasal RGC growth cones areThese possibilities have been resolved by in vitro and
equally collapsed and repelled by ephrin-A5 (Drescher etin vivo functional assays that demonstrate that ephrin-
A2 and ephrin-A5 are repellents that preferentially affect al., 1995). A subsequent study has confirmed that ephrin-
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Figure 3. Effects of Ephrin-A Ligands on
RGC Axon Guidance and Map Formation
(A and B) In vitro functional characterization
of ephrin-A2 and ephrin-A5 using the mem-
brane stripe assay. Nasal (N) and temporal
(T) retinal explants were grown on carpets
consisting of alternating lanes of membranes
derived from mock-transfected COS cells
and COS cells transfected with (A) ephrin-A2
or (B) ephrin-A5 cDNA. The lanes containing
ephrin-A2- or ephrin-A5-transfected cell mem-
branes are labeled with rhodamine isothiocy-
anate (RITC) fluorescent beads, visualized in
the lower part of each panel. Temporal retinal
axons grow predominantly on membranes
from mock-transfected cells, while nasal reti-
nal axons grow equally well on membranes
from ephrin-A- and mock-transfected cells.
These growth preferences exhibit an abrupt
transition at midretina on ephrin-A2 mem-
branes, in contrast to the more gradual transi-
tion on ephrin-A5 membranes. (Adapted by
permission of EMBO from Figures 6A and 6C
in Monschau et al., 1997.)
(C±E) Temporal retinal axons avoid retrovirally expressed patches of ephrin-A2 in chick tectum. RGC axons were anterogradely labeled with
DiI at E14 and appear red (demarcated by arrowhead in [D]), while domains of ectopic ephrin-A2 expression in tectum were detected with
an EphA3 affinity probe and appear green (demarcated by arrow in [D]). (C) Nasal retinal axons extend unaffected through ectopic patches
of ephrin-A2. (D and E) In contrast, temporal RGC axons either terminate abruptly just anterior to a patch of ephrin-A2 (D) or form arbors in
anterior tectum that appear to avoid patches of ectopic ephrin-A2 expression (E). (Adapted from Nakamoto et al., 1996).
A5 repels and collapses both temporal and nasal RGC EphA4 is expressed uniformly, and EphA5 is expressed
in a high temporal to low nasal gradient (Feldheim etaxons and has also made the important demonstration
that at lower concentrations of ephrin-A5, retinal axons al., 1998). Therefore, EphA5 likely serves the same func-
tion in mouse retina as EphA3 does in chick retina andappear to exhibit a graded nasal to temporal increase
in repulsion (Monschau et al., 1997) (Figure 3B). To date, accounts at least in part for the increasing nasal to
temporal gradient of binding of an ephrin-A affinity probein vivo functional experiments in chick have been limited
to analyses of axon responses to ectopic patches of (Marcus et al., 1996).
The topographic mapping of RGC axons in the SC ofephrin-A2 overexpression created by infection with re-
combinant retrovirus containing ephrin-A2 cDNA (Naka- ephrin-A5 null mice is aberrant in a manner consistent
with the loss of ephrin-A5 and the maintained expressionmoto et al., 1996). Consistent with the in vitro action
of ephrin-A2, nasal axons are unaffected by ephrin-A2 of ephrin-A2 (FriseÂ n et al., 1998). For example, in the
ephrin-A5 null mice, temporal RGC axons arborize ec-overexpression (Figure 3C), whereas temporal RGC ax-
ons appear to avoid ectopic patches of ephrin-A2 over- topically in far-caudal SC, where ephrin-A5 is normally
expressed at high levels and ephrin-A2 at low levels, asexpression in anterior tectum (Figures 3D and 3E).
The graded expression of ephrin-A2 and ephrin-A5 well as at ectopic locations in rostral SC, where both
ephrin-A5 and ephrin-A2 are normally expressed at lowand their differential repulsion of temporal versus nasal
RGC axons strongly implicate these ligands as candi- levels. This finding demonstrates that ephrin-A5 is in-
deed a topographic guidance molecule required for thedates for the topographic guidance molecules envi-
sioned by Sperry (1963). The first genetic test of their proper mapping of RGC axons in the SC. Ectopic termi-
nations are rarely observed in midcaudal SC of the mu-role in topographic mapping has come from an analysis
of mice with a targeted deletion of ephrin-A5 (FriseÂ n et tants, suggesting that the level of repellent activity due
to the maintained expression of ephrin-A2 in this domainal., 1998) (Figure 4). As in the chick tectum (Cheng et
al., 1995), binding of EphA affinity probes has revealed is sufficient to prevent them. Surprisingly, RGC axons
do form, in addition to the arbors found at ectopic sites,a smooth graded distribution of ephrin-A ligands in the
mouse SC (Zhang et al., 1996), consistent with a role a normal-appearing dense arborization at the topo-
graphically correct site in the ephrin-A5 null SC. Thefor them in the topographic mapping of mouse RGC
axons. However, there are substantial differences be- mapping phenotype in the ephrin-A5 null mice indicates
that ephrin-A2 and ephrin-A5 normally cooperate totween the chick tectum and mouse SC in the expression
patterns of specific ephrin-A ligands: ephrin-A5 is ex- form a gradient of repellent activity across the SC suffi-
cient to prevent ectopic terminations of RGC axons,pressed in an increasing rostral to caudal gradient
across the SC, resembling ephrin-A2 in the chick tec- but other molecules likely work with them to generate
complete topographic order along the rostral±caudal SCtum, while ephrin-A2 is expressed at high levels in a
broad domain centered on midcaudal SC and shows a axis. The medial±lateral organization of the retinocollicu-
lar projection is maintained in the absence of ephrin-graded decline to low levels in the rostral third and far-
caudal SC (FriseÂ n et al., 1998). In addition, the expres- A5, indicating that its action is limited to A±P patterning.
In addition to regulating retinotopic mapping, ephrin-sion of EphA receptors by RGCs differs between mouse
and chick. In mouse, EphA3 is not expressed by RGCs, A5 also seems to form a repellent barrier at the caudal
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end of the SC that restricts growing RGC axons to the
SC and prevents them from overshooting into the inferior
colliculus (IC), a structure caudal to the SC that does
not receive retinal input. In mice, the increasing rostral
to caudal graded expression of ephrin-A5 across the
SC continues into the IC, where it peaks (FriseÂ n et al.,
1998) (Figure 4B). Substantially more RGC axons over-
shoot the SC and extend into the IC in ephrin-A5 null
mice compared to wild type (FriseÂ n et al., 1998). Al-
though ephrin-A5 expression does not form a distinct
boundary at the SC/IC junction, RGC axons appear to
respond to the increasing gradient of ephrin-A5 as if it
is a repellent barrier. This function is consistent with in
vitro findings that the level of ephrin-A5 in the IC inhibits
retinal axon growth (FriseÂ n et al., 1998) and that temporal
retinal axons growing up gradients of ephrin-A repellent
activity appear to stop either as a function of the steep-
ness of the gradient or the absolute level of the repellent
(Baier and Bonhoeffer, 1992; Rosentreter et al., 1998).
Based on its pattern of expression, ephrin-A5 may serve
a similar function in zebrafish (Brennan et al., 1997) and
chicks (Monschau et al., 1997).
Expression data in chick suggest that a distinct set
of ephrins may control the mapping of the ventral±dorsal
axis of the retina along the D±V axis of the tectum (Figure
1B). Ephrin-B1 is present in a high dorsal to low ventral
gradient in the tectum, with transcripts localized to radial
cells in the neuroepithelial layer and protein present on
Figure 4. RGC Projections in Wild-Type and Ephrin-A52/2 Mice Re- their processes that extend superficially into the stratum
lated to the Expression Patterns of Ephrin-A5 and Ephrin-A2 opticum, where especially high levels are found in the
(A) Anterograde DiI labeling of RGC axons from temporal retina in path of growing RGC axons (Braisted et al., 1997)Ða
wild-type and ephrin-A52/2 mice. Dorsal views of whole mounts of laminar distribution that resembles that of ephrin-A5.
the superior colliculus (SC) are shown; midline is to the right, dashed
EphB2 and EphB3, receptors for ephrin-B1, are presentlines indicate the caudal SC border, and arrowheads indicate the
in an increasing dorsal to ventral gradient in the RGCrostral SC border. Left panel: In wild-type mice, the labeled temporal
layer (Holash and Pasquale, 1995; Connor et al., 1998),RGC axons end and arborize in a densely labeled termination zone
(TZ) in rostral SC. The RGC projection to optic tract nuclei is also and EphB2 is known to be on RGC axons (Holash and
evident (OT). Right panel: In ephrin-A52/2 mice, labeled temporal Pasquale, 1995). If ephrin-B1 regulates directly the map-
RGC axons also end and arborize in a densely labeled TZ at the ping of RGC axons, it would likely act as an attractant,
topographically appropriate site in rostral SC, but in addition, la- since ventral RGCs, which express high levels of EphB
beled axons project to and arborize at topographically inappropriate
receptors, map to dorsal tectum, which expresses highsites in caudal-most SC (e1) and rostral SC (e2).
levels of ephrin-B1. This action would be counter to(B) Schematic representations summarizing temporal RGC axon
the repellent effect that ephrin-B1 exerts on EphB2-mapping in wild-type and ephrin-A52/2 mice as it relates to the
distributions of ephrin-A5 and ephrin-A2. Left panel: In wild-type expressing rat motor axons (Wang and Anderson, 1997).
mice, a focal DiI injection in temporal retina labels axons (red lines) However, an attractant activity for ephrin-B1 is sup-
that form a dense termination zone (red oval) in the topographically ported by in vitro adhesion assays using chick tissue
correct rostral SC. Ephrin-A5 (blue shading) is expressed in a low that show that ventral retinal cells (which express high
rostral to high caudal gradient across the SC and continuing into
levels of EphB receptors) adhere to substrates of ephrin-the inferior colliculus, which has the highest level of expression.
B1 and dorsal retinal cells (which express high levels ofEphrin-A2 (orange shading) is expressed highest in midcaudal parts
ephrin-B1) adhere to substrates of EphB2 (Holash etof the SC and shows a graded decline to low levels in more rostral
and far-caudal SC. Together, ephrin-A5 and ephrin-A2 may form a al., 1997). Further, dorsal and ventral retinal cells bind
smooth gradient of repellent activity across the SC and work in preferentially to explants of ventral and dorsal tectum,
concert to help establish the normal topographic map. Right panel: respectively (Gottlieb and Glaser, 1980). Precedent for
In ephrin-A52/2 mice, ephrin-A2 (orange shading) is expressed in such a dual action of a guidance molecule comes from
the same pattern as in wild type. A focal DiI injection in temporal
the demonstration that netrin-1 can act as either a che-retina labels axons that form a dense termination zone in topographi-
moattractant or a chemorepellent for different neuronalcally correct rostral SC, but in addition, aberrant terminations form at
populations (Colamarino and Tessier-Lavigne, 1995).topographically incorrect locations in the SC. The pattern of ectopic
arbors relates to the maintained expression pattern of ephrin-A2:
ectopic arbors are typically present in far-caudal and rostral SC, Defining the Roles and Limitations for Ephrins
where ephrin-A2 expression is low, but are rare in mid-SC, where in Retinotopic Mapping
ephrin-A2 expression is highest. This distribution suggests that in Historically, gradient models proposed to account for
the absence of ephrin-A5, ectopic arbors are present where the
topographic mapping along the A±P tectal axis werelevels of repellent activity due to ephrin-A2 are too low to prevent
based on attractant or adhesion-based guidance mole-their formation and stabilization. Abbreviations: C, caudal; I, inferior;
cules. These models required countergradients of at-L, lateral; M, medial; N, nasal; R, rostral; S, superior; T, temporal.
(Modified from FriseÂ n et al., 1998.) tractant activities along the A±P tectal axis and corre-
sponding countergradients in the retina (see for example
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Figure 6. Development of Topographic Order in the Chick Retino-
tectal Projection
In a mature chick, the temporal±nasal (T±N) axis of the retina isFigure 5. Development of Topographic Order in the Retinotectal
rerepresented along the anterior±posterior (A±P) axis of the opticProjection by Growth Cone Guidance versus Axon Branching Poses
tectum through the orderly termination of RGC axons. The develop-Different Requirements for Gradients of Axon Guidance Molecules
ment of order occurs through a multistep process. Initially, the
A single repellent gradient, such as that formed by ephrin-A ligands growth cones of RGC axons grow posteriorly past their topographi-
in the tectum, coupled with a countergradient of EphA receptors in cally correct termination zone (TZ) in the tectum. Subsequent to this
the retina, can potentially guide growth cones to their topographi- initial axon overshoot, branches form along the length of the axon,
cally correct termination zone (TZ) in the tectum. Growth cones stop with a clear bias for topographically correct locations along the A±P
at positions in the tectum where they reach a threshold level of axis. Axons form connections to the TZ predominantly through the
repellent activation following a mass action law of receptor±ligand arborization of these branches. Remodeling of the projection gener-
interactions. Growth cones arising from temporal retina (T), which ates precise topography by eliminating ectopic branches outside
have higher levels of EphA receptors, will reach threshold levels of the TZ as well as segments of the primary axon posterior to the TZ.
activation at anterior (A) positions in the tectum, with lower levels
of ephrin-A ligand. Growth cones from nasal retina (N), which have
lower levels of EphA receptors, will reach threshold levels of activa-
Temporal axons with high levels of EphA receptorstion at more posterior (P) positions in the tectum. However, a single
would be most sensitive to the repellent signal, whereasrepellent gradient cannot control topographically specific branching
along RGC axons, since one would expect both temporal and nasal nasal axons with lower levels of EphA receptors would
RGC axons to exhibit increased branching at more anterior positions exhibit correspondingly less sensitivity. Topographic
in the tectum, which have lower levels of ephrin-A ligands. Addition mapping of growth cones across the tectum would be
of a parallel attractant gradient could act in concert with the ephrin-A achieved if the receptor±ligand interaction followed a
repellent to generate topographic branching along RGC axons.
law of mass action, where repellent signal (or receptor±Branching would only occur at positions along the axon at which
ligand complex) is determined by the product of thethe level of attractant (or branch promoting activity) exceeds a
branching threshold, by definition at the TZ and posterior to it, while concentrations of EphA receptors and ephrin-A ligands
higher levels of ephrin-A repellent would prevent branching along (Nakamoto et al., 1996).
the axon posterior to the TZ. Models of topographic mapping of RGC axons, in-
cluding the ones discussed above, have been based on
the assumption that the retinotectal map is establishedGierer, 1983). The finding that posterior tectum harbors
a repellent activity for temporal RGC axons (Walter et through direct targeting of growth cones to topographi-
cally correct locations in the tectum. Direct targeting ofal., 1987a, 1987b) prompted the inclusion of repellents
in some models (Gierer, 1987; Gierer and Muller, 1995). RGC growth cones can account for map development
in lower vertebrates, such as frog (Holt, 1983, 1984;The roles of repellents in topographic mapping has since
been solidified by the demonstration that the ephrin-A Sakaguchi and Murphey, 1985; Fujisawa, 1987) and fish
(Stuermer, 1988), where RGC axons grow to topographi-ligands act as repellents and topographic guidance mol-
ecules, leading to a rethinking of potential mechanisms. cally appropriate sites in the tectum and form terminal
arbors. However, map development in higher verte-In principle, a single A±P tectal gradient of increasing
repellent activity and a temporal±nasal countergradient brates cannot be adequately explained by topographi-
cally appropriate growth cone targeting. In chicks (Naka-of RGC receptors for this activity, such as that supplied
by the ephrin-A ligands and EphA receptors, could ac- mura and O'Leary, 1989) and rodents (Simon and
O'Leary, 1992a, 1992b), a large number of RGC axonscount for the topographic mapping of RGC axons along
the A±P tectal axis (Nakamoto et al., 1996) (Figure 5). grow past their topographically correct sites in the tec-
tum/SC. RGC arbors appear to be generated primarilyAssuming that RGC axons have an intrinsic or externally
mediated tendency to grow across the tectum, they by side branches that form along the length of the par-
ent axons with a bias for topographically correct siteswould stop their posteriorly directed extension when
they received a threshold level of repellent signal deter- (Figure 6). These observations suggest that ªguidanceº
molecules may act to regulate topographically specificmined by ephrin-A activation of the EphA receptors.
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branching rather than topographically appropriate growth in posterior tectum, whereas nasal RGCs infected with
CBF2 establish projections in rostral tectumÐprojec-cone targeting (Simon and O'Leary, 1992b). An in vitro
test of this idea employed a modification of the stripe tions appropriate for CBF-type, not retinal location
(Yuasa et al., 1996). Neither infection appears to alterassay, termed the branching assay, to show that tempo-
ral retinal axons grown perpendicular to alternating expression of EphA3, although this finding is not conclu-
sive. The weight of this evidence indicates that ephrinslanes of cell membranes derived from rostral and caudal
SC branch preferentially on their topographically appro- and their receptors are only one of multiple sets of mole-
cules that control the development of the A±P orderingpriate rostral membranes (Roskies and O'Leary, 1994).
This branching preference is due to a GPI-linked repel- of retinotopic maps and that a graded attractant activity
likely contributes to this process.lent activity associated with caudal SC (Roskies and
O'Leary, 1994) that is most likely mediated by the
ephrin-A ligands (Ciossek et al., 1998). These in vivo and
Olfactory Receptor Cloning, Regulation,in vitro findings suggest that a critical role for ephrin-A
and Distributionligands in mapping is to prevent branching and arboriza-
The olfactory epithelium in mammals is located on thetion of RGC axons at topographically inappropriate sites.
dorsal surface of the nasal cavity. ONs are found nearAlthough the ephrin-A repellent gradient can account
the surface of the convoluted, cartilaginous turbinatesfor topographic A±P targeting of RGC growth cones, it
and extend a single dendrite to the surface of the nasalis insufficient to account for topographically specific
cavity, thereby exposing the sensory neuron to odor-branching (Figure 5). The existing ephrin-A repellent gra-
ants. ONs also extend a single, unbranched axon throughdient can prevent branching posterior to the topographi-
the cribriform plate into the developing ipsilateral OB,cally correct site, but additional information is required
where it synapses with dendrites of mitral/tufted cellsto regulate inappropriate branching anterior to the cor-
in a single glomerulus (Figure 7A). Initially, the dendriticrect site. In principal, topographically specific branching
field of the mitral/tufted cells is uniform, but over devel-can be achieved in a number of ways. However, a
opment it is sculpted by the olfactory axons into a dis-straightforward way would require a graded attractant
tinct pattern of approximately 2000 glomeruli (Pomeroyor branch-promoting activity that parallels that of the
et al., 1990; LaMantia et al., 1992). Detection of odors isephrin-A repellent gradient and a receptor distribution
mediated by a very large family of seven transmembranefor this activity in the retina that parallels the EphA gradi-
domain G protein±coupled receptors (Zhao et al., 1998).ent (Figure 5).
The first members of this family of approximately 1000Several lines of experimental evidence indicate the
ORs were cloned from rat olfactory epithelia in the earlypresence of an attractant activity that seems to at least
1990s using a cloning strategy based on the correctroughly parallel that of the ephrin-A gradient. For exam-
assumptions that ORs would comprise a large familyple, use of a modified version of the membrane stripe
and that they would be G protein±coupled receptorsassay has revealed an attractant activity in posterior
(Buck and Axel, 1991). There are four circumscribedtectum that is lacking or in low abundance in anterior
zones of the olfactory epithelium, and the zone of ex-tectum (von Boxberg et al., 1993). Other evidence stems
pression of each OR is invariant between mice (Figurefrom experiments prompted by the fact that the homeo-
7B). Amazingly, each ON apparently expresses a singledomain transcription factors En1 and En2 are expressed
OR, and in most cases, all ONs expressing the samein a gradient (Martinez et al., 1991) that parallels the
OR are located in the same zone of the olfactory epithe-graded expression of ephrin-A2 and ephrin-A5. Use of
lium but are randomly distributed within that zone (Buckrecombinant retrovirus to overexpress En1 and En2 indi-
and Axel, 1991; Ressler et al., 1993; Vassar et al., 1993;cates that they regulate the topographic targeting of
Sullivan et al., 1996). For this review we have used theRGC axons along the A±P tectal axis (Friedman and
nomenclature of Axel, with zone I being most ventral±O'Leary, 1996a; Itasaki and Nakamura, 1996). In infected
lateral and zone IV being most dorsal±medial; the no-tecta, nasal axons establish aberrant branches and
menclature of Buck is the reverse.arbors in areas anterior to their correct termination sites
The choice of which OR an individual ON expressesthat are coincident with patches of retrovirally mediated
is an unresolved issue, but it seems not to be governedEn1 and En2 overexpression. One interpretation of this
simply by a position-dependent mechanism like the ex-finding is that En1 and En2 regulate a posterior attractant
pression of Eph receptors by RGCs. However, expres-activity that leads to the ectopic arborization of nasal
sion zones for each OR are consistent between organ-axons at the sites of overexpression. Since En1 and En2
isms of the same species, suggesting a zone-specificappear to regulate the graded expression of ephrin-A2
regulatory mechanism. The distribution of the OR genesand ephrin-A5 and other properties normally associated
in the genome also provides some clues to their regula-with posterior tectum (Logan et al., 1996; Shigetani et
tion. In mice, the OR genes are found in large arrays onal., 1997), it would not be surprising if they also regulated
at least seven chromosomes and at least 12 loci (Olfr).a graded attractant. The presence of additional, non-
In general, the most highly related ORs are found at theephrin-mediated guidance systems is also suggested
same chromosomal loci (Sullivan et al., 1996). A potentialby studies of the roles in topographic mapping of CBF1
regulatory mechanism is that the expression of zone-and CBF2, winged-helix transcription factors, that are
specific transcription factors defines as available forexpressed in mutually exclusive patterns in nasal and
expression an appropriate subset of loci and an appro-temporal retina, respectively. Infecting RGCs with re-
priate subset of ORs within those loci. Within each zone,combinant retrovirus-containing CBF cDNA shows that
temporal RGCs infected with CBF1 establish projections the distribution of ONs expressing a single OR appears
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Figure 7. Summary of Odorant Receptor Ex-
pression Zones and Axonal Convergence
(A) Schematic representation of the rodent
nasal cavity and forebrain. The stippled area
across the turbinates represents the olfactory
epithelium. Anterior is to the left, dorsal is to
the top. (Reprinted from Figure 7A in Vassar
et al., 1993.)
(B) A color-coded representation of the four
zones of expression of odorant receptors su-
perimposed on a lateral view of the turbi-
nates. The green, yellow, and blue spots rep-
resent data showing the location of olfactory
neurons (ONs) expressing the I7 odorant re-
ceptor (green), the F3 (yellow), and the J7
(blue) receptor subfamilies. The green, yel-
low, and blue spots delineate expression
zones I, II, and III, respectively. The red spots
represent a hypothetical expression pattern
of an OR, such as M12 or M70, and approxi-
mately delineate zone IV. (Adapted from Fig-
ure 6A in Vassar et al., 1993.)
(C) A photomicrograph of a coronal section
through mouse olfactory bulbs after in situ
hybridization with a radioactive probe spe-
cific for P2. Positive labeling appears white. The arrow points to a medial glomerulus labeled for P2 mRNA and represents the convergence
of axons from ONs expressing P2. Note that the location of the medial P2 glomerulus is in the same location in the right and left olfactory
bulbs. (Reprinted from Figure 5E in Mombaerts et al., 1996.)
(D) A whole-mount view of the olfactory neuroepithelium and the medial aspect of the olfactory bulb of a P2-IRES-tau-lacZ mouse after X-gal
staining. Olfactory neurons expressing the P2-IRES-tau-lacZ allele appear blue (arrowhead) and can be seen in zone III of the olfactory
neuroepithelium. The medial glomerulus in the olfactory bulb to which axons from the blue ONs converge is indicated (arrow). (Reprinted from
Figure 4A in Mombaerts et al., 1996.)
random; therefore, it is possible that within the con- regulatory elements may be involved in generating fully
appropriate zone-specific expression. For example, thestraints of the zone-specific repertoire, at the level of
individual ONs, the choice of both the locus and the OR 6.7 kb of genomic DNA may not contain other transcrip-
tional elements that may repress expression in zone Iwithin that locus is random. The mechanism for such a
system is not obvious, as each expression zone contains or in any cell expressing an OR gene. In addition, al-
though the reporter construct contains transcriptionalORs from more than one locus, and some loci contain
ORs expressed in more than one zone (Sullivan et al., elements that drive tissue- and cell-specific expression,
since it is out of the context of an Olfr locus, it is not likely1996). However, a mechanism to restrict expression
within a locus to a single OR likely does involve allelic to be affected by cis-regulatory elements. Furthermore,
whatever the regulatory mechanisms, most data supportinactivation. By crossing two distantly related mouse
species with slightly different OR sequences, Chess and the proposal that each ON expresses only one OR at a
significant level, and all ONs expressing a given ORcolleagues (1994) showed that expression of an OR in
a given ON derives solely from a single allele, without are located within one of four zones of the olfactory
epithelium.bias for the maternal or paternal allele. It is likely that cis-
regulatory elements within the Olfr loci act in conjunction How does an animal reliably detect odor quality when
many dozens of diverse ORs are expressed in overlap-with allelic inactivation to restrict expression in each ON
to a single OR gene from a chosen locus. However, the ping domains within each zone of the olfactory epithe-
lium? The answer lies, not surprisingly, in the organiza-regulatory mechanisms required to limit expression in
each ON to a single Olfr locus remain unknown. tion of the projections of ON axons to the OB. In situ
hybridizations done using a labeled riboprobe for a sin-Findings obtained from transgenic mice suggest that
zone-specific expression of ORs is regulated in part by gle OR (or a small number of ORs) showed that only a
small number of glomeruli in the OB would label afterregions upstream of the OR genes. These mice were
created using a construct consisting of a 6.7 kb piece ON axons had invaded the OB (Ressler et al., 1994;
Vassar et al., 1994). These findings suggested not onlyof genomic DNA upstream of the M4 gene and a reporter
(Qasba and Reed, 1998). The transgenic lines examined that OR transcripts were present in the ON axon termina-
tions, but also that most, if not all, axons from ONshad multiple-copy insertions, but not near any known
Olfr loci. Zone-specific expression of the reporter in ONs expressing a given OR converge upon a small number
of glomeruli. The choice of which OR an ON expresseswas observed in three lines. Although two lines showed
reporter expression restricted to the same zone as M4, is made independently of contact with the OB (Sullivan
et al., 1995). The location of the glomeruli that receivethat is, zone III, another line showed expression re-
stricted to the nonadjacent, inappropriate zone I (Qasba input from ONs expressing a specific OR is consistent
between animals of the same species and bilaterallyand Reed, 1998; Buck nomenclature used within this
reference). The ectopic expression suggests that other symmetric (Figure 7C). Convergence of axons from ONs
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expressing the same OR onto the same glomeruli was glomeruli. Therefore, it appears that a functional OR is
required for proper target selection or invasion butproven using a gene replacement strategy wherein the
coding region of the P2 OR was replaced with a con- clearly is not the sole determinant of ON mapping, since
ON axons were able to pathfind to the OB and evenstruct containing full-length P2, an internal ribosome
entry site (IRES), and tau-lacZ (Mombaerts et al., 1996). to their approximately correct D±V position in the OB
(compare Figures 2A and 2B in Wang et al., 1998). TheA single bicistronic mRNA is transcribed containing full-
length P2 and tau-lacZ, thereby labeling only axons aris- question then arises as to whether an OR is an instruc-
tive component or a permissive component for propering from ONs expressing the modified allele. Labeled
ON axons were found to converge on two invariant glo- ON axon targeting. Are functional ORs acting directly
as receptors for guidance molecules, do they simplymeruli in the OB (Figure 7D). The expression pattern of
P2 in the genetically manipulated mice was the same create an intracellular environment required for a distinct
set of guidance cues to act appropriately, or is the choiceas in wild type, as were the glomeruli to which the axons
of ONs expressing either the unmodified P2 allele or the of OR linked to the transcriptional regulation of a distinct
set of receptors specific for guidance molecules?P2-IRES-tau-lacZ allele converged (Mombaerts et al.,
1996). It was also observed that a small number of devel- In an elegant variation of the gene replacement strat-
egy, Axel's group replaced the coding region of theopmentally mature mice (about 5%), both wild-type and
P2-IRES-tau-lacZ knock-ins, had a third glomerulus P2 olfactory receptor with the coding region of one of
several other ORs, an IRES, and tau-lacZ (Mombaertsnear one of the two stereotypical P2 glomeruli that la-
beled positively for P2 mRNA or b-gal (Mombaerts et et al., 1996; Wang et al., 1998). In all, the P2 coding
region was replaced with four distinct OR-IRES-tau-lacZal., 1996). Despite such occasional minor variations,
the presence of a highly stereotyped, ordered map in constructs. Of the four receptor replacements, two (P3
and M50) are located at the same chromosomal locusthe OB is clear. This order in connectivity, based on the
specific OR expressed, lends insight into mechanisms as P2, whereas the other two (M12 and M70) are found at
two distinct loci. Furthermore, three of the four possibleof odor processing as it successfully converts odor de-
tection from single odorant binding ORs interspersed zones of expression in the olfactory epithelium are rep-
resented: M50 is expressed in zone I, P2 and P3 arethroughout a broad zone of the olfactory epithelium to
an ordered array of a small number of odor-specific expressed in zone III, and M12 and M70 in zone IV. In
each case, expression of the OR→P2 allele was seenglomeruli in the OB.
in zone III, the zone of wild-type P2 expression. The
mapping results of these receptor substitution experi-
Olfactory Axon Guidance and Mapping ments are summarized in Figure 8. In each substitution
The scenario of a population of ON axons expressing experiment, axons from ONs expressing an OR→P2 al-
one of a thousand ORs, originating from a zone con- lele converged upon specific glomeruli in a pattern con-
taining hundreds of randomly distributed populations of sistent between animals. However, the locations of the
ONs expressing other ORs, mapping to a small number glomeruli receiving input from those ONs expressing
of segregated, invariant glomeruli, presents an intriguing the modified allele were distinct from those glomeruli
variation on the classic topographic mapping observed receiving input from the wild-type P2 allele and from the
in the visual system. Sperry's chemoaffinity hypothesis wild-type allele of the receptor used in the substitution.
was designed in part to explain topographic mapping It appears as though D±V targeting was affected to a
without a large genomic investment in individual guid- much larger extent than A±P targeting in the OB. Upon
ance cues for a large population of projecting neurons closer examination, it is clear that the errors in D±V
(Sperry, 1963). The projection of ONs from the olfactory targeting were biased heavily toward the location of the
epithelium to glomeruli in the OB does not maintain wild-type P2 glomeruli. As ONs expressing the modified
strict spatial relationships between projecting and target allele are found in zone III, the zone in which P2 is
populations. However, in the olfactory system, appar- expressed, it is possible that zone of expression of an
ently the need to efficiently detect thousands of odors OR roughly determines the D±V position of the glomeruli
has led to the substantial genomic investment of ap- targeted by axons from ONs expressing that OR. Sup-
proximately 1000 ORs, with each receptor expressed in port for this hypothesis comes from the P3→P2 receptor
a unique subset of ONs. Since the organized connection substitution, in which a zone III receptor (P2) was re-
of ONs to the OB is ordered in terms of the specific OR placed with another zone III receptor (P3). If zone of
expressed, genomic economy could be achieved if the expression does determine D±V position of conver-
ORs served not only as odorant receptors, but in addi- gence, axons from ONs expressing the P3→P2 allele
tion as receptors for guidance molecules. should converge in the same D±V position as axons
An important initial test of this theory was the exami- from ONs expressing the wild-type P3 allele. Indeed,
nation of ON axon mapping in the absence of a specific there appears to be correct D±V targeting, as the glomer-
OR, done by Wang and colleagues (1998) using the same ulus to which axons from ONs expressing the P3→P2
gene replacement strategy described above to replace allele project is adjacent to the wild-type P3 glomerulus.
the P2 coding region with tau-lacZ. Axons labeled with A model developed by extrapolating from these exper-
b-gal, and therefore lacking a functional OR, do not iments proposes that axons from ONs originating in
invade the OB, but instead wander across the surface zones I, II, III, and IV project to the ventral, central±
of the OB. Interestingly, the axons labeled with b-gal ventral, central±dorsal, and dorsal portions of the OB,
were found in an appropriate D±V position on the surface respectively. An estimation of the proposed topographic
regions in the OB, based on the known locations of theof the OB but had extended posteriorly past the P2
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glomeruli depicted in Figure 8C, allows for the possibility
that zone of expression of an OR correlates with the
D±V location of its target glomeruli. We have included
the locations of glomeruli from receptor substitution ex-
periments, which we have assumed will target the same
region of the OB as P2, since ONs expressing an OR→P2
allele are found in zone III. Only data from experiments
where an estimation of glomerular position in the OB
is possible have been included (Ressler et al., 1994;
Vassar et al., 1994; Mombaerts et al., 1996; Wang et al.,
1998). A potential explanation for the D±V targeting shifts
of the OR→P2 glomeruli is that the transcription fac-
tors involved in zone-specific expression of ORs also
regulate the expression of distinct guidance receptors
that determine D±V position of ON axon convergence
in the OB.
In support of this hypothesis, at least one potential
guidance molecule, olfactory cell adhesion molecule
(OCAM), is expressed in a zone-specific manner. OCAM,
which is related in sequence and structure to neural cell
adhesion molecule (NCAM), is expressed in zones I, II,
and III in the olfactory epithelium (Yoshihara et al., 1997;
Buck nomenclature used within this reference). Though
OCAM can act as a homophilic adhesion molecule, it is
unclear whether it is expressed appropriately in the OB.
Furthermore, it is not certain if OCAM is present in the
olfactory epithelium at the appropriate time to influence
initial OB targeting (Yoshihara et al., 1997). However,
the presence of a cell adhesion molecule with a zone-
restricted expression pattern is encouraging.
If the major determinant of D±V pathfinding by ON
axons is dependent upon which zone an ON resides, it is
possible that A±P pathfinding is dependent upon which
specific OR is expressed. Examining the receptor sub-
stitution experiments summarized in Figures 8A and 8B,
it is evident that the A±P position of the individual
OR→P2 glomeruli is not grossly different than that of
the glomeruli of the OR used in the substitution. For
Figure 8. Summary of Receptor Substitution Experiments and
Schematic Representation of a Zone of Expression to Zone of Con- of the M50→P2 glomerulus is found at approximately the same A±P
vergence Correlation location as the M50 glomerulus but is biased dorsally toward the
(A) Schematic representation of the M12→P2 and M71→P2 receptor location of the P2 glomerulus. The P3→P2 glomerulus is adjacent
substitution experiments. Olfactory neurons (ONs) expressing a to the P3 glomerulus. The P2, P3, and M50 genes are linked at one
wild-type P2, M12, or M71 allele are represented by colored spots chromosomal locus. (Reprinted from Figure 6B in Wang et al., 1998.)
in zone III (P2) and zone IV (M12 and M71) of the olfactory epithelium, (C) Schematic representation of the results summarized in (A) and
and the glomeruli to which they converge are represented by la- (B) combined with expression data for I7 and A16. The schematic
beled, colored spots in the olfactory bulb (OB). ONs expressing an represents the same view as depicted in (A) and (B). Open circles
M12→P2 or M71→P2 allele are not represented, but are found in in the OB represent glomeruli to which axons from ONs expressing
zone III. The locations of the M12→P2 and M71→P2 glomeruli are a wild-type olfactory receptor (OR) allele converge. Filled circles
indicated by labeled, colored spots in the olfactory bulb. Note that represent glomeruli to which axons from ONs expressing an OR→P2
the location of the M12→P2 and the M71→P2 glomeruli are found at allele converge. The asterisk represents the location of the wild-
approximately the same A±P location as the M12 and M71 glomeruli, type P2 glomerulus and is marked because all receptor substitutions
respectively, but are biased ventrally toward the location of the P2 indicated were made into the P2 coding region. The positions of
glomerulus. The P2, M12, and M71 genes are found at three distinct the A16 and I7 glomeruli are estimations deduced from Ressler et
chromosomal loci. (Reprinted from Figure 6A in Wang et al., 1998.) al. (1994) and Vassar et al. (1994), respectively. The lines drawn
(B) Schematic representation of the P3→P2 and M50→P2 receptor across the olfactory bulb divide the OB into four zones along the
substitution experiments. Olfactory neurons expressing a wild-type dorsal±ventral (D±V) axis so that all OR alleles expressed in the same
P2, P3, or M50 allele are represented by colored spots in zone III zone of the olfactory epithelium have a corresponding glomerulus
(P2 and P3) and zone I (M50) of the olfactory epithelium, and the in the same zone of the OB. Since expression from all OR→P2 alleles
glomeruli to which they converge are represented by labeled, col- indicated is in zone III, we have included all four OR→P2 glomeruli
ored spots in the olfactory bulb. ONs expressing a P3→P2 or in the same zone of the OB as the wild±type P2 glomerulus. The
M50→P2 allele are not represented, but are found in zone III. The alignment of the labeled glomeruli allows for the possibility that
locations of the P3→P2 and M50→P2 glomeruli are indicated by zone of expression in the olfactory epithelium of an OR correlates
labeled, colored spots in the olfactory bulb. Note that the location with the D±V position of its glomeruli in the OB.
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example, the M50→P2 glomerulus is hundreds of mi- of these proposed guidance receptors, or their signaling
capability, would presumably vary depending on whichcrons dorsal, but less than 20 mm anterior, to the wild-
OR was expressed. Possible support for this hypothesistype M50 glomerulus (Wang et al., 1998). One intriguing
can be drawn from the P3→P2 and M50→P2 receptorpossibility is that the ORs themselves are involved di-
substitution experiments. All three ORs are found in therectly in pathfinding by binding to a ligand, or several
same chromosomal locus, so the action of any guidanceligands, present in an A±P gradient across the OB
receptor linked to that locus would presumably be mini-(Gierer, 1998). The ON axons potentially extend posteri-
mally affected by an intralocus receptor substitution.orly across the OB up (or down) a ligand gradient until
Indeed, the P3→P2 or M50→P2 glomeruli are in A±Pa critical signaling threshold is reached, at which point
positions less than one glomerular radius away fromthe axons invade the OB, synapse with mitral/tufted
that of the wild-type P3 and M50 glomeruli, respectivelycells, and initiate the formation of a glomerulus. Minor
(Wang et al., 1998). Although these ingenious receptorA±P variations observed in the receptor substitution ex-
replacement experiments have provided significant in-periments do not directly refute this model but may
sights, mapping in the olfactory system is not well under-reflect sensitivity to the level of OR expression. For in-
stood; ORs themselves are clearly involved, but thestance, it would not be surprising if OR protein level is
mechanism is vague.different in ONs expressing the OR→P2 allele than in
Interestingly, ON axons still target their appropriateONs expressing the wild-type allele. This could be due
ªglomeruliº in the OB in the absence of either their princi-to inherently different levels of transcription from the
pal target neurons, the mitral/tufted cells, or local inhibi-wild-type allele of the OR used in the substitution and the
tory interneurons (Bulfone et al., 1998). This was shownP2 allele or to translational differences in the bicistronic
by crossing mice bearing the P2-IRES-tau-LacZ allelemRNA and the wild-type mRNA. If the OR acts as a
with mice deficient for the transcription factors Tbr1,guidance receptor, receptor protein level may play a
which lack most mitral/tufted cells, or Dlx1/Dlx2, whichcrucial role in pathfinding, as has been proposed in the
lack most GABAergic interneurons. In both instances,retinotectal system (e.g., the graded levels of EphA3 in
the tau-LacZ-labeled axons converge on the sites in thechick retina correlate with A±P mapping in the tectum).
OB appropriate for ONs expressing the P2 OR. TheseThe P2 receptor deletion experiments described above
findings suggest that either guidance information is dis-are consistent with the hypothesis that the ORs act as
tributed across multiple cell types in the OB, or it isA±P guidance molecules. Axons from ONs expressing
localized principally to glia, the third major OB cell type.tau-lacZ in place of P2 extend, in an appropriate D±V
Members of both the semaphorin and the ephrin fami-position, posteriorly past P2 glomeruli and rarely invade
lies are other potential guidance molecules in the olfac-the OB (see Figure 1D in Wang et al., 1998), as would
tory system. In chick, collapsin-1 (coll1)/semaphorin-IIIbe expected if these ON axons could not detect an A±P
(semaIII) is expressed in the OB, and a collapsin-1 recep-gradient of ligand. This phenotype is qualitatively similar
tor is present in a subset of cells in the olfactory epithe-to that of the increased RGC axon extension into the IC
lium as well as along the olfactory nerve (Kobayashi etof ephrin-A5 null mice (FriseÂ n et al., 1998).
al., 1997). In vitro, collapsin-1 causes the collapse ofWhether the OR itself binds the proposed guidance
axonal growth cones extending from explants of chickligand(s) or simply allows the signal to be interpreted
olfactory epithelium (Kobayashi et al., 1997). A similarproperly is unclear. If the OR is the guidance ligand-
distribution is found in rodents. SemaIII is found in thebinding protein, then it must be present on the surface
OB and in the pial sheet encasing the OB, and neu-of ON axons. Although it is formally possible that the
ropilin-1, a semaIII receptor, is expressed in a subsetspecific targeting of distinct sets of ONs is controlled
of cells in the adult rat olfactory epithelium (Giger et
by 1000 distinct ligands in the OB, it is unlikely. A more
al., 1996; Pasterkamp et al., 1998). The expression of
favored alternative is that a few guidance ligands are
neuropilin-1 in the olfactory epithelium is not restricted
distributed in the OB and that ligand binding is mediated
to the zones of expression defined by OR expression.
by the ORs. If this suggestion is true, then an intriguing However, immunohistochemical detection of neuropi-
possibility is that the binding affinities of closely related lin-1 in the OB is restricted to the medial two-thirds
ORs to these putative ligands are similar. This would of the D±V extent of the bulb. These distributions of
predict that the glomeruli targeted by ONs expressing neuropilin-1 in the adult rat do not implicate it or its
highly related ORs have neighboring A±P positions. The ligands in D±V patterning. The embryonic distributions
current relevant data set is not complete enough to of coll1/semaIII and their receptors has led to the sug-
argue for or against this prediction, though the P2 and gestion that these molecules may prevent premature
P3 glomeruli have neighboring A±P positions, as do the invasion of the OB by ON axons (Giger et al., 1996;
M12, M50, and M71 glomeruli. An alternative possibility Kobayashi et al., 1997).
is that ORs do not bind A±P guidance molecules, but In the adult OB, EphA5 is expressed throughout the
that each Olfr locus contains a second and distinct set mitral cell layer, though not in every cell. A complemen-
of receptors that do bind A±P guidance molecules and tary expression pattern is observed for at least one li-
are expressed if an OR from that locus is also expressed. gand, ephrin-A3, in a subset of cells in the ON layer of
This is an intriguing possibility, as the Olfr loci are likely the olfactory epithelium (Zhang et al., 1996). Zonally
to be chromosomal duplications (Sullivan et al., 1996), restricted expression, as defined by OR expression pat-
and it would not be unexpected if related genes, or gene terns, of ephrin-A3 is not apparent. The complementary
families other than the ORs, were present at each locus distributions of EphA5 and ephrin-A3 in the mouse olfac-
tory system do not appear to be appropriate for playingas well. To create differences in A±P targeting, the level
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a role in ON mapping, but may instead be involved in P3 vs. P2) expressed by different ON subpopulations
may be analogous to position-dependent differences inthe development of layer-specific projections (Zhang et
al., 1996). expression levels of EphA receptors (in chicks, this likely
reflects the sum response due to activation of EphA3,
A4, and A5, of which EphA3 seems to underlie theDistinctions and Similarities in Mapping
Mechanisms Employed by the Retinotectal graded response) by RGCs, with each strategy resulting
in differential, or graded, axonal responses to guidanceand Olfactory Systems
A difficulty hindering speculation about mapping in the molecules. Precedent for this mechanism is suggested
by properties of the EphA receptors themselves: differ-olfactory system is that the map onto the OB is not
precisely known. Virtually all data, and resulting discus- ent EphA receptors have different binding affinities for
the same set of ephrin-A ligands. In theory, if RGCssions, revolve around a relatively limited set of ORs.
All receptor substitution experiments have the common expressed a single type of EphA receptor, and neigh-
boring RGCs expressed different types (e.g., EphA3 vs.theme of a specific OR substituted into the P2 allele,
which is understandable, as gene replacement strate- A5 or A6), they would have different sensitivities to the
same graded set of ephrin-A ligands and map to differ-gies are time consuming and expensive. However, it
should be possible to systematically map locus, zone ent positions in the tectum independent of their actual
location in the retinaÐin other words, a mapping func-of expression, and location of the convergent glomeruli
in the OB for additional ORs using more conventional tion that would be similar to that seemingly employed
by ONs.techniques, especially since zone of expression and lo-
cation of the appropriate glomeruli can be determined The two systems also exhibit significant differences
in the development of their orderly axonal projections.by in situ hybridization with the same probe. With a more
complete representation of the ordered olfactory map, In the retinotectal system, RGC axons maintain a rough
topographic ordering in their pathway, overshoot theirpatterns may become more evident between the zone
of expression in the olfactory epithelium, location of topographically appropriate target sites in the tectum/
SC, and rely on interstitial axon branching and subse-glomeruli in the OB, and chromosomal locus for more
olfactory receptors, thereby providing additional in- quent refinement to generate appropriate topographic
order. In the olfactory system, ON axons expressing asights into the molecular mechanisms of mapping in the
olfactory system. specific OR arise from dispersed sites in the olfactory
epithelium, converge, fasciculate, and home in on theirIn spite of this limitation, there are clear differences
in the anatomical organization and functional require- target glomerulus. ON axons do not appear to mistarget
or overshoot their target glomerulus to any significantments of the retinotectal and olfactory systems that
relate to differences in the mapping strategies employed degree, and interstitial axon branching plays little or no
apparent role in mapping.in the two systems. In the retinotectal system, a given
site in the retina reproducibly maps to a given site in In spite of their significant differences, the two sys-
tems do seem to have some similarities in their mappingthe tectum, maintaining spatial relationships in such a
way that an RGC's location in the retina predicts its strategies. In both systems, molecular guidance mecha-
nisms appear to be the major contributors to the devel-target site in the tectum. In the olfactory system, approx-
imately 2500 widely dispersed ONs expressing one type opment of ordered projections with only a relatively mi-
nor role, at best, for activity-dependent mechanismsof the 1000 different types of ORs converge on a small
number of sites in the OB, maintaining a one glomerulus± demonstrated to play a crucial role in the development
of ordered connections in a number of other axonalone receptor relationship. Although as a population ONs
expressing a specific OR project to glomeruli that have projections (Katz and Shatz, 1996; Iwasato et al., 1997).
In the retinotectal system of chicks and rodents, topo-a reproducible positioning in the OB across mice, posi-
tioning of an individual ON in the olfactory epithelium graphically appropriate terminations develop in the face
of pharmacological blockades of neural activity, al-does not predict its target site in the bulb, except per-
haps at a rough zone-to-zone relationship. though a small proportion of aberrant projections persist
(Kobayashi et al., 1990; Simon et al., 1992). In the olfac-A distinction between the visual and olfactory systems
relates to the strategy employed by axons to differen- tory system, the projection of ONs onto the OB develops
a normal organization in mutant mice deficient for thetially read guidance cues. In the retinotectal system, it
appears that RGCs map according to differences in their G-alpha homolog Golf, which significantly reduces odor-
mediated signaling by ORs (Belluscio et al., 1998).expression levels of the same set of EphA receptors,
resulting in the differential response of their axons to Another similarity between the two systems is the
apparent existence of distinct sets of guidance cuesthe gradient of ephrin-A ligands. In the olfactory system,
ONs map according to the specific type of OR that they required to mediate guidance along the A±P and D±V
axes. In the retinotectal system, EphA receptors and theexpress rather than the relative level of receptor expres-
sion, as in the retinotectal system. If an analogy exists ephrin-A ligands play a major role in RGC axon guidance
along the A±P axis of the tectum but do not play a rolebetween the retinotectal and olfactory systems in this
context, it might be that different types of ORs have in D±V patterning. EphB receptors and ephrin-B ligands,
which do not significantly interact with EphAs or ephrin-different binding affinities for guidance ligands distrib-
uted in gradients in the bulb (these ligands are pre- As, are expressed in a manner consistent with a role in
D±V topography. In the olfactory system, the ORs ap-sumed, but remain unidentified), resulting in differential
responses of ONs to these ligands. In other words, dif- pear to play a role in A±P targeting in the OB but do not
significantly affect targeting along the D±V axis of theferences in binding affinities between OR types (e.g.,
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Cheng, H.-J., Nakamoto, M., Bergemann, A.D., and Flanagan, J.G.OB. Potential guidance molecules involved in D±V tar-
(1995). Complementary gradients in expression and binding of ELF-1geting in the OB appear to be independent of the exact
and Mek4 in development of the topographic retinotectal projectionOR expressed, but correlated with the zone of expres-
map. Cell 82, 371±381.
sion of that OR within the olfactory epithelium.
Chess, A., Simon, I., Cedar, H., and Axel, R. (1994). Allelic inactivation
regulates olfactory receptor gene expression. Cell 78, 823±834.
Closing Comments Ciossek, T., Monschau, B., Kremoser, C., Loschinger, J., Lang, S.,
Muller, B.K., Bonhoeffer, F., and Drescher, U. (1998). Eph receptor-Although considerable, and often unpredictable, prog-
ligand interactions are necessary for guidance of retinal ganglionress has been made in the past few years toward under-
cell axons in vitro. Eur. J. Neurosci. 10, 1574±1580.standing at a molecular level the development of sen-
Colamarino, S.A., and Tessier-Lavigne, M. (1995). The axonal che-sory maps in the brain, much needs to be done. In
moattractant netrin-1 is also a chemorepellent for trochlear motoraddition to defining the precise olfactory map, several
axons. Cell 81, 621±629.
other important issues remain open, including the fol-
Connor, R.J., Menzel, P., and Pasquale, E.B. (1998). Expression
lowing: the identification of other guidance molecules and tyrosine phosphorylation of Eph receptors suggest multiple
and receptors that appear to be required to develop mechanisms in patterning of the visual system. Dev. Biol. 193, 21±35.
appropriate A±P mapping of RGC axons, including the Cox, E.C., Muller, B., and Bonhoeffer, F. (1990). Axonal guidance in
cloning of RGM and its receptor(s); identification of D±V the chick visual system: posterior tectal membranes induce collapse
of growth cones from the temporal retina. Neuron 4, 31±37.guidance molecules in both the retinotectal and olfac-
Davis, S., Gale, N.W., Aldrich, T.H., Maisonpierre, P.C., Lhotak, V.,tory systems; and perhaps most intriguingly, the identifi-
Pawson, T., Goldfarb, M., and Yancopoulos, G.D. (1994). Ligandscation of putative guidance ligands in the olfactory path-
for EPH-related receptor tyrosine kinases that require membraneway and OB, which will resolve the issue of whether or
attachment or clustering for activity. Science 266, 816±819.not ORs are the receptors for these ligands or influence
Drescher, U., Kremoser, C., Handwerker, C., Loschinger, J., Noda,mapping in an indirect way. Finally, once these molecu-
M., and Bonhoeffer, F. (1995). In vitro guidance of retinal ganglion
lar components are in hand, it will be of great interest to cell axons by RAGS, a 25 kDa tectal protein related to ligands for
explore their signaling pathways and how they mediate Eph receptor tyrosine kinases. Cell 82, 359±370.
axonal responses at the cellular level. Ebrahimi, F.A., and Chess, A. (1998). The specification of olfactory
neurons. Curr. Opin. Neurobiol. 8, 453±457.
Eph Nomenclature Committee (1997). Unified nomenclature for EphAcknowledgment
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